Telomere length is critical for chromosome stability that affects cell proliferation and survival. Telomere elongation by telomerase is inhibited by the telomeric protein, TRF1. Tankyrase-1 (TNKS1) poly(ADP-ribosyl)ates TRF1 and releases TRF1 from telomeres, thereby allowing access of telomerase to the telomeres. TNKS1-mediated poly(ADP-ribosyl)ation also appears to be crucial for regulating the mitotic cell cycle. In searching for proteins that interact with polo-like kinase-1 (Plk1) by using complex proteomics, we identified TNKS1 as a novel Plk1-binding protein. Here, we report that Plk1 forms a complex with TNKS1 in vitro and in vivo, and phosphorylates TNKS1. Phosphorylation of TNKS1 by Plk1 appears to increase TNKS1 stability and telomeric poly(ADP-ribose) polymerase (PARP) activity. By contrast, targeted inhibition of Plk1 or mutation of phosphorylation sites decreased the stability and PARP activity of TNKS1, leading to distort mitotic spindle-pole assembly and telomeric ends. Taken together, our results provide evidence of a novel molecular mechanism in which phosphorylation of TNKS1 by Plk1 may help regulate mitotic spindle assembly and promote telomeric chromatin maintenance.
Polo-like kinase-1 (Plk1) is a serine/threonine kinase known to have essential functions in Cdk1-cyclin-B complex activation during the G 2 -to-M phase transition, centrosome separation and maturation, spindle assembly/formation, chromosome segregation, and cytokinesis. 1 A striking feature of Plk1 is its localization to numerous sub-cellular structures during mitosis. This factor associates with the centrosome during prophase, is enriched at kinetochores during prometaphase and metaphase, recruited to the central spindle during anaphase, and then accumulates in the mid-body during telophase. 1 The physiologic relevance of these changes in localization is unclear. Plk1 overexpression has been observed in a wide range of tumors and is often associated with a poor prognosis. 2 Furthermore, PLK1 mutations may play a part in tumorigenesis. 3 A growing body of evidence also indicates that targeted interference of Plk1 function induces prolonged mitotic arrest and subsequent apoptotic cell death. [4] [5] [6] Thus, Plk1 is an attractive anticancer target, and deregulation of Plk1 appears to be a considerable causative factor for human diseases such as cancer.
Telomeres are essential for genome stability in all eukaryotes. Changes in telomere functions and associated chromosomal abnormalities have been implicated in numerous human diseases and disorders such as aging and cancer. [7] [8] [9] [10] TRF1 is a negative regulator of telomere lengthening by telomerase. 9, 10 Overexpression of TRF1 accelerates telomere shortening, whereas a dominantnegative inhibitor of TRF1 leads to telomere elongation. 9, 10 TRF2 is required to protect chromosomal ends by stabilizing the terminal t-loop structure, telomere sister chromatid exchange (T-SCE), or recombination with interstitial sites. 7, 11 Tankyrase-1 (TNKS1) was identified as a TRF1-binding protein from a yeast-two hybrid screen. 12 TNKS1 is a member of the poly(ADP-ribose) polymerase (PARP) family of enzymes. PARPs are cytoplasmic enzymes that use NAD þ to synthesize ADP-ribose polymers on protein acceptors in response to DNA damage. 13, 14 Poly(ADP-ribosyl)ation (PARsylation) often dramatically alters protein function, 15 and is believed to have a role in the maintenance of genome integrity, although the underlying molecular mechanism is still unclear. TNKS1 PARsylates its binding partner TRF1 and in doing so inhibits TRF1 binding to telomeres, thus allowing access of telomerase to telomeres. [8] [9] [10] 12 Overexpression of TNKS1 removes TRF1 from telomeres, resulting in TRF1 ubiquitination and degradation by the proteasome. 16, 17 Long-term overexpression of TNKS1 leads to telomere elongation, which is dependent on the catalytic PARP activity of TNKS1 and telomerase, 16, 18 whereas long-term inhibition of TNKS1 expression results in telomere shortening. 19 Thus, TNKS1 acts as a positive regulator of telomere lengthening by antagonizing TRF1.
Recently, accumulating evidence has suggested that the function of TNKS1 might not be restricted to regulating telomere length. As reviewed by Hsiao and Smith, 8 TNKS1 localizes to multiple sub-cellular sites and has many diverse binding partners. Depletion of TNKS1 leads to pre-anaphase arrest. 20 This phenotype can be rescued by wild-type (WT) TNKS1 but not a PARP-negative mutant, indicating a requirement for PARsylation in mitotic cell-cycle regulation. In addition, TNKS1-depleted mitotic cells are unable to resolve their telomeres despite separation of sister chromatid arms and centromeres. Recent work has also indicated that poly(ADP-ribose) appears to be a key component of mitotic spindle assembly and structure. 8, 21 TNKS1 colocalizes with the nuclear mitotic apparatus (NuMA) protein at the spindle poles during mitosis. 22 Localization of TNKS1 at the spindle pole is dependent on the NuMA protein. Interestingly, PARsylation of NuMA by TNKS1 seems to influence the structural integrity of spindle poles and may be essential for protein interactions required for spindle formation. [21] [22] [23] Together, these findings indicate that TNKS1 might be an essential enzyme responsible for providing poly(ADP-ribose) to the spindle assembly during mitosis and regulating mitotic cell-cycle progression.
A recent study showed that Plk1 phosphorylates TRF1, which appears to be important for TRF1-telomeric DNA binding. 24 A recent report showed that the PARP activity of TNKS1 is regulated by cell-cycle-specific association with the NuMA protein during mitosis. TNKS1 is phosphorylated during mitosis, 23, 25 raising the possibility that phosphorylation might influence its PARP activity. However, the mechanisms regulating TNKS1 PARP activity are unclear. In particular, it is unknown whether selective mitotic kinases, such as Aurora kinases, Plk1, and BubR1, are involved in the phosphorylation of TNKS1, or whether mitotic phosphorylation of TNKS1 affects its PARP activity. Here we report that Plk1 directly interacts with and phosphorylates TNKS1, and that Plk1-TNKS1 interaction regulates TNKS1 stability and PARP activity. These findings indicate that Plk1-mediated phosphorylation of TNKS1 is essential for spindle assembly during cell-cycle progression and the regulation of telomere length.
Results
Plk1 forms a complex with TNKS1 in vitro and in vivo. To identify novel Plk1 substrates and/or interacting proteins, we used complex proteomics. Briefly, lysates from HeLa cells stably overexpressing HA-tagged Plk1 were immunoprecipitated using an anti-HA antibody (Figure 1a) . The eluted HA-Plk1 immunocomplex was separated by SDS-PAGE. Subsequent matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) analysis led to the identification of novel Plk1-interacting molecules, including TNKS1 polypeptides (Figure 1b) .
To initially assess the importance of this putative Plk1-TNKS1 interaction, we generated GST-TNKS1 (GST-TNKS1) fusion proteins, which were incubated with purified His-Plk1 (Figure 1c ). Pull-down assays revealed that GST-TNKS1 (158-595) and (596-1022), which contained the ankyrin domain (ANK), did in fact bind to His-Plk1. Similarly, we purified GST-Plk1 fusion proteins, which were incubated with cellular extracts from synchronized HeLa cells. As shown in Figure 1d , polypeptides containing the polo-box-binding domain (PBD) of Plk1 formed a complex with TNKS1, unlike the NH 2 -terminal S/T kinase domain. In addition, we treated asynchronized HeLa cells with the microtubule-inhibiting agent, nocodazole (Figure 1e ). Nocodazole clearly induced the hyper-phosphorylation of TNKS1, as reported previously. 23, 26 Pull-down assays showed that GST-Plk1 efficiently interacted with endogenous TNKS1, and interaction between these proteins was observed in both synchronized and asynchronized cells. Furthermore, we immunoprecipitated endogenous Plk1 from cells treated with or without nocodazole and recovered Plk1-TNKS1 complexes (Figure 1f) .
Gel filtration was used to further evaluate the interaction between Plk1 and TNKS1. Endogenous Plk1, TNKS1, NuMA protein, PARP, and Aurora-A proteins from asynchronized HeLa cells were size-fractionated and constituent proteins were identified by immunoblotting (Figure 1g ). We detected both TNKS1 and Plk1 in the higher molecular mass fractions (in particular, fractions 10 and 11); it was determined that the TNKS1-interacting protein NuMA was also isolated. However, TNKS2 was detected in the mid-molecular mass range. PARP was observed in the mid-molecular mass range, which lacked Plk1, but not Aurora-A. These results imply that Plk1 was likely in the same cellular fraction as TNKS1. In summary, our data indicate that Plk1 forms a complex with TNKS1 in vitro and in vivo.
Hyper-phosphorylation of TNKS1 during mitosis may be mediated by Plk1. To determine whether the Plk1-TNKS1 interaction leads to TNKS1 phosphorylation, HeLa cells were first synchronized by aphidicolin, released in normal culture media, and lysed at each cell-cycle stage (Figure 2a) . The lysates were analyzed by immunoblotting using anti-TNKS1, anti-Plk1, anti-Aurora-A, and anti-cyclin-B1 antibodies (Figure 2b ). TNKS1 was gradually hyper-phosphorylated following release from aphidicolin treatment (indicated by arrowheads). This hyper-phosphorylation appeared to be maximized in the mitotic cell population. As expected, the levels of the mitotic kinases Aurora-A, Cdk1, and Plk1 were also increased according to the hyper-phosphorylation of TNKS1. In addition, we comparatively induced TNKS1 hyperphosphorylation with a separate set of microtubule inhibitors, taxol and nocodazole (Figure 2c ). Immunoblotting assays clearly showed marked TNKS1 hyper-phosphorylation in cells treated with microtubule inhibitors. Based on this information, it was important to determine whether hyperphosphorylation of TNKS1 induced by the microtubule inhibitors was compromised by mitotic kinase inhibitors. Therefore, we treated HeLa cells with nocodazole, ZM447439 (an Aurora kinase inhibitor), TDZD (a GSK3 inhibitor), purvalanol-A (a Cdk1 inhibitor), BI2536 (a Plk1 inhibitor), or purpurogallin (PPG; an inhibitor of polo box domain-dependent recognition). In addition, the cells were also treated with a combination of nocodazole and each of the other five other reagents. As shown in Figure 2d GSK3 showed no changes in TNKS1 phosphorylation. However, treatment with Plk1 (BI2536 or PPG) and its priming kinase, a Cdk1 (purvalanol-A) inhibitor, sharply reduced the hyper-phosphorylation of TNKS1 induced by the microtubule inhibitors.
To further examine whether the slower migrating TNKS1 polypeptide observed during mitosis is the hyper-phosphorylated form, we immunoprecipitated endogenous TNKS1 from cell lysates recovered from both asynchronized and mitotic HeLa cells treated with lambda phosphatase. As shown in Figure 2e , the levels of slower migrating TNKS1 polypeptides appearing in mitotic cells, and recognized by both antiphospho-Thr and anti-phospho-Ser antibodies, were clearly reduced by lambda phosphatase treatment. However, we were able to exclude the possibility that the appearance of the slower migrating TNKS1 polypeptide corresponding to the hyper-phosphorylated form was not due to other protein modification such as poly(ADP-ribosyl)ation (Supplementary Figure S1 ). Furthermore, hyper-phosphorylated TNKS1 recognized by anti-phospho-Thr and anti-phospho-Ser was not detected in mitotic HeLa cells cultured in the presence of the selective Plk1 and Cdk1 inhibitors, purvalanol-A and PPG ( Figure 2f ). Together, these results indicate that hyperphosphorylation of TNKS1 during mitosis is mediated by Plk1.
Plk1 phosphorylates TNKS1 in vitro and in vivo. To examine whether Plk1 and its priming kinase, Cdk1, directly phosphorylate TNKS1, we first incubated lysates from asynchronized HeLa cells with purified recombinant Plk1 or Cdk1/cyclin-B and cold ATP in the presence or absence of a selective Cdk or Plk1 inhibitor. As shown in Figure 3a (e) HeLa cells were treated with (Noco) or without (Asyn) nocodazole (100 ng/ml) for 16 h. Cellular extracts were incubated with or without or lambda phosphatase (PPase) and immunoprecipitated using anti-TNKS1 antibody. The eluted TNKS1 protein was resolved by SDS-PAGE and detected using antibodies against TNKS1, phospho-Ser (P-Ser), phospho-Thr (P-Thr), and actin. (f) HeLa cells were treated with nocodazole and then with purvalanol-A (25 mM) or purpurogallin (PPG, 50 mM). Lysates were immunoprecipitated using an anti-TNKS1 antibody, and the resulting TNKS1 protein was probed using anti-phospho-Ser (P-Ser), anti-phospho-Thr (P-Thr), anti-TNKS1 (TNKS1), and anti-actin antibodies observed in the cell lysates incubated with purified Cdk1/ cyclin-B or Plk1, but was abolished in cells additionally treated with a selective Cdk or Plk1 inhibitor, indicating that Cdk1 and Plk1 phosphorylate TNKS1. In addition, we purified His-tagged full-length TNKS1, and then incubated this protein with Cdk1/cyclin-B or Plk1 and [g 32 P]ATP (Figure 3b ). We observed that Plk1 and its priming kinase Cdk1/cyclin-B efficiently phosphorylated TNKS1. Furthermore, we incubated a series of GST-TNKS1 fusion proteins and GST-TRF1 (as a control) with purified recombinant Plk1 in the presence of [g 32 P]ATP (Figure 3c ). Interestingly, fragments containing the Plk1-binding region and the PARP activity motif of TNKS1 (residues 596-1022 and 1023-1327) were clearly phosphorylated by Plk1 in vitro.
The amino-acid sequence of TNKS1 includes a number of potential sites phosphorylated by Plk1. To explore their functionality, we generated plasmids encoding glutathione-S-transferase (GST)-fused TNKS1 (GST-TNKS1) mutants, in which each of the eight putative phosphorylation sites was mutated (Figure 3d ). Interestingly, replacing T839, T930, S978/T982, or T1128 with alanine (A) significantly reduced phosphorylation by Plk1 in vitro. However, each of those residues failed to completely abolish TNKS1 phosphorylation by Plk1 (Figure 3e) . Surprisingly, mutations of all five putative phosphorylation sites (T839, T930, S978/T982, and T1128) sharply prevent the phosphorylation of TNKS1 (596-1327; Figure 3f ). Together, these data suggest that Plk1 promotes TNKS1 phosphorylation, and at least five residues of TNKS1 are involved in this process. T839A  T930A  T938A  S978A/T982A   T1128A  T643A  T785A   WT  T643A  T785A  T839A  T930A  T938A  S978/T982A   T1128A   WT   75  100   150   WT  T643A  T785A  T839A  T930A  T938A  S978/T982A   T1128A   WT   75 Thirty-six hours after transfection, lysates were prepared and subjected to immunoblot analysis using anti-TNKS1, anti-Plk1, anti-TRF1, anti-actin antibodies. (e) HeLa cells were co-transfected with shRNA specific for Plk1 3 0 -UTR (shPlk1 #2) and expression plasmids encoding shRNA-insensitive (shi), HA-tagged WT Plk1 (HA-Plk1 WT) or a kinase-dead mutant of Plk1 (HA-Plk1 K82R). Thirty-six hours after transfection, lysates were prepared and subjected to immunoblot analysis using the indicated antibodies. (f) U2OS cells were immunostained using an anti-Plk1 (green) or an anti-TNKS1 (TNKS1, red) antibody, or CREST serum (purple). The cells were examined by confocal microscopy. (g) HeLa cells were transfected with shLuc (a negative control) or shPlk1. Thirty-six hours after transfection, the cells were fixed with 4% paraformaldehyde and immunostained using anti-Plk1 (green) or anti-TNKS1 (red) antibodies Next, we transfected HeLa cells with either shLuc or shPlk1, and then synchronized the cells with nocodazole followed by release in normal culture media (Figure 4b ). Immunoblot analyses revealed that Plk1 depletion sharply reduced the hyper-phosphorylation and protein expression of TNKS1. Similar to previous reports, 27 both BubR1 and GSK3â were also dysregulated in Plk1-depleted cells. Interestingly, treatment with a proteasome inhibitor markedly increased the levels of TNKS1 but not TRF1 and Plk1, implying that TNKS1 protein stability mediated by Plk1 is regulated by a protein proteasomal degradation pathway (Figure 4c ). In addition, we included two different sets of shPlk1, namely shPlk1 #1 and #2, and our immunoblotting results revealed that TNKS1 stability was reduced by specific inhibition of Plk1 expression (Figure 4d) . Next, we overexpressed shRNA-insensitive version of HA-tagged WT Plk1 or a kinase-dead mutant (K82R) into HeLa cells in endogenous Plk1 was depleted by shPlk1 transfection (Figure 4e ). As expected, overexpression of WT Plk1 significantly increased the protein levels of TNKS1. Importantly, exogenous expression of a kinase-dead Plk1 mutant sharply decreased the stability of TNKS1, thereby demonstrating its dominant-negative effect on TNKS1 stability. Together, these data indicate that depletion of Plk1 inhibits not only the phosphorylation but also the stability of the TNKS1 protein.
To further confirm the role of Plk1 in TNKS1 stability regulation, we immunostained HeLa cells, transfected with either shLuc or shPlk1, with anti-Plk1 and anti-TNKS1 antibodies. The cells were also stained with CREST serum as a marker of kinetochore protein and DAPI to visualize DNA (Figures 4f and g ). It has been reported recently that TNKS1 localizes to multiple sub-cellular sites including the spindle poles and the mid-body. 22, 26 As shown in Figure 4f , TNKS1 distinctly localized at the spindle poles from interphase to metaphase, and at the mid-body from anaphase to telophase. These patterns of TNKS1 sub-cellular localization were almost identical to those of Plk1. As shown in Figure 4g , depletion of Plk1 clearly reduced the levels of TNKS1 at the spindle poles, indicating that the stability of TNKS1 is regulated by Plk1 in vivo. However, it is still unclear how the sub-cellular localization of TNKS1 to the spindle poles and the mid-body relates to its poly(ADP-ribosyl)ation activity at the telomeres.
Poly(ADP-ribosyl)ation activity of TNKS1 is regulated by Plk1-mediated hyper-phosphorylation. To examine whether Plk1-mediated phosphorylation of TNKS1 affects its poly(ADP-ribosyl)ation activity, lysates from asynchronized and mitotic HeLa cells were first analyzed by immunoblotting. As shown in Figure 5a , TNKS1 was effectively phosphorylated during mitosis and simultaneously enhanced PAR levels, indicating that mitotic phosphorylation of TNKS1 appears to affect intracellular PAR levels. Based on this information, we transfected shPlk1 or shLuc (as a negative control) into HeLa cells that were then cultured in the absence or presence of nocodazole (Figure 5b , left panel). Our immunoblot assay using anti-PAR antibody showed that depletion of Plk1 significantly decreased PAR in both asynchronized and synchronized (at mitosis) cells. By contrast, HeLa cells overexpressing Plk1 had significantly augmented intracellular PAR levels (Figure 5b, right panel) .
To ensure the specificity of TNKS1 PAR, lysates from HeLa cells transfected with shLuc or shPlk1 and subsequently treated with nocodazole were immunoprecipitated using an anti-TNKS1 antibody. The eluted TNKS1 immune complexes were analyzed by immunoblotting (Figure 5c ). TNKS1 PARP activity was sharply inhibited by Plk1 depletion. In addition, we treated HeLa cells with the selective Plk1 inhibitor, PPG, and lysates from these cells were immunoblotted using an anti-PAR antibody (Figure 5d ). As expected, PAR was clearly perturbed by treatment with PPG. Therefore, these data suggest that targeted inhibition or overexpression of Plk1 leads to dramatic alterations of TNKS1-mediated PARP activity.
Because TNKS1 binds to the telomeric protein TRF1 and, like TRF, associates with telomeres in human cells, 12 we used fluorescence in situ hybridization (FISH) analysis of metaphase chromosomes to determine whether selective inhibition of Plk1 alters chromosome ends. H1299 cells were treated with two Plk1 inhibitors, BI2536 and PPG, and then cultured in the presence of a microtubule inhibitor (Figures  5e-g ). H1299 cells in metaphase were fixed and then hybridized with a Cy3-labeled telomeric PNA probe. As shown in Figure 5e , telomeric repeats were clearly detected at both metaphase chromosome ends in the control cells (left panel). However, inhibition of Plk1 activity profoundly altered the ends of the metaphase chromosomes (middle and right panels), resulting in telomeric fusion (Figure 5f ). Most of the controltreated cells (about 80%) had normal telomeric ends, whereas the Plk1 inhibitor-treated cells predominantly contained abnormal telomeric fusions (Figure 5g ). These data strongly suggest that Plk1 regulates TNKS1 activity and stability, and contributes to telomeric complex formation.
Absence of Plk1-mediated phosphorylation leads to reduced TNKS1 protein stability and poly(ADP-ribosyl) ation activity. To determine whether mutations of phosphorylation sites compromise TNKS1 function at telomeres during mitosis, we generated plasmids encoding GFP-fused, WT TNKS1 (GFP-TNKS1 WT) or GFP-TNKS1-5A, a Plk1-mediated, phosphorylation-defective mutant in which the five phosphorylation sites were replaced with alanine ( Figure 6a) . Interestingly, overexpression of GFP-TNKS1-5A led to enlarged cell size and reduced proliferation potential compared with GFP-TNKS1 WT (Figure 6b ). These phenoptypes were, in part, similar to that of TNKS1-depleted cells. 22 Next, we compared the protein stability of GFP-TNKS1 WT and GFP-TNKS1-5A in asynchronized HeLa cells treated with cycloheximide, a protein translation inhibitor (Figure 6c ). As expected, the levels of TNKS1-5A rapidly declined and were almost undetectable 5 h after treatment, whereas those of TNKS1 WT were slightly reduced but still detected 6 h after treatment. However, it is important to note that Plk1-deficient cells harbored less TNKS1 and could be correlated with the reduced PARP activity of TNKS1.
TNKS1 localizes to the mitotic spindle poles and telomeres. 22, 26 Therefore, we transfected HeLa cells with TNKS1 WT, TNKS1-5A, or the PARP-dead mutant TNKS1 PD 22, 28 to examine whether the inability to be phosphorylated by Plk1 were observed by phase-contrast microscopy 60 h after transfection. (c) Asynchronized HeLa cells were transfected with plasmids encoding GFP-TNKS1 WT or GFP-TNKS1-5A and then treated with cycloheximide (CHX). Lysates were analyzed by immunoblotting using anti-GFP and anti-actin antibodies. (d) Transfected HeLa cells described in panel a were immunostained using anti-Aurora-A (red, left panels) or anti-hTRF1 (red, right panels) antibodies and DNA was visualized by DAPI staining. The cells were examined by confocal microscopy. (e) HeLa cells were transfected with GFP-TNKS1 WT, GFP-TNKS1-5A or GFP-TNKS1 PD, and treated then with nocodazole. Cellular extracts were immunoprecipitated using anti-GFP antibody. The eluted GFP-TNKS1 proteins were resolved by SDS-PAGE and probed using antibodies against TNKS1, PAR, and actin. (f and g) HeLa cells were co-transfected with shRNA specifically targeting TNKS1 3 0 -UTR and expression plasmids encoding shRNA-insensitive (shi), WT GFP-TNKS1 (shi TNKS1 WT) or GFP-TNKS1-5A (shi TNKS1 5A). Telomeric DNA FISH analysis (FISH using peptide nucleic acid probes) was performed on metaphase spreads of transfected HeLa cells swollen in hypotonic buffer and fixed in a methanol-acetic acid solution. Telomeric repeats were detected by using a Cy3-(CCCTAA) 3 PNA probe (red) and DNA was stained with DAPI (blue). (f) Representative images of normal sister telomeres (in cells expressing TNKS1 WT) and telomeric fusions (in cells expressing TNKS1-5A mutant) of metaphase spreads. Note that in some cases sister telomeric fusions appeared at both ends of the chromosomes. (g) The chromosome number distribution of the sister telomeric fusions observed in each metaphase was calculated and plotted on a graph. More than 100 cells from each transfectant cell line were scored by FISH affects TNKS1 sub-cellular localization in spindle poles and telomeres. Immunostaining analyses revealed that mitotic HeLa cells expressing TNKS1-5A had sharply reduced levels of TNKS1 localization at the spindle poles, whereas cells expressing TNKS1 WT or TNKS1 PD showed comparable TNKS1 localization at the spindle poles (Figure 6d, left panel) . In addition, both TNKS1 WT and TNKS1 PD localized to the telomeres during interphase, similar to hTRF1. However, we were unable to observe a colocalization of the TNKS1-5A mutant with hTRF1 at the telomeres (Figure 6d, right panel) . These results suggest that the absence of Plk1-mediated phosphorylation severely disrupts the stability and the subcellular distribution of TNKS1.
To further determine whether abolishing Plk1-mediated phosphorylation affects TNKS1 PARP activity, we expressed GFP-labeled TNKS1 WT, TNKS1-5A, and TNKS1 PD in HeLa cells, and subsequently treated them with nocodazole to enrich the mitotic population. The tagged proteins were immunoprecipitated using an anti-GFP antibody (Figure 6e ). Immunoblot analysis using an anti-PAR antibody revealed that mutation of the Plk1-mediated phosphorylation sites significantly abolished TNKS1 PAR similar to the PARP-dead mutant (TNKS1 PD), whereas TNKS1 WT strongly showed PAR. We also performed FISH analysis to determine whether expression of the TNKS1-5A mutant leads to alteration of the chromosome ends. We expressed shRNA-insensitive, TNKS1 WT or the TNKS1-5A mutant in HeLa cells depleted of endogenous TNKS1 by shTNKS1 specifically targeting the TNKS1 3 0 -UTR (Figures 6f and g ). As expected, overexpression of the shRNA-insensitive, WT TNKS1 (shi TNKS1 WT) led to significant recovery from the effects of TNKS1 depletion such as telomeric fusion resulting from altered chromosome ends. However, overexpression of the TNKS1-5A mutant was unable to reduce the number of abnormal telomeric fusions. Taken together, these data strongly indicate that Plk1-mediated phosphorylation of TNKS1 contributes to protein stability and PARP activity.
Discussion
The PARP activity of TNKS1 appears to be subjected to a different type of regulation dictated by its binding partners and post-translational modification. 8 In addition, recent studies have found that PAR is enriched in mitotic spindles, and inhibition of TNKS1 PARP activity results in prolonged mitotic arrest along with loss of bipolar spindle assembly. These observations indicate that TNKS1 polymerization of poly (ADP-ribose) is required for mitotic progression and spindle assembly. 21, 29 However, little information exists regarding how the PARP activity and post-translational modification of TNKS1 are regulated, and how TNKS1 is phosphorylated during mitosis. In this study, we showed that Plk1 positively regulates the stability and the PARP activity of TNKS1 by phosphorylation, thereby preventing abnormal telomeric fusion. Recently, it has been demonstrated that depletion or inactivation of Plk1 inhibits the complete separation of sister chromatids. [30] [31] [32] Similarly, depletion of TNKS1 prevents the separation of sister chromatids, particularly at the telomeres. 20 Interestingly, the cells treated with a Plk1-selective inhibitor showed similar abnormal telomeric fusion. Furthermore, overexpression of the TNKS1 mutant, which could not be phosphorylated by Plk1, did not prevent abnormal telomeric fusion induced by TNKS1 depletion, and showed highly reduced stability and spindle pole localization. These results strongly support our hypothesis that Plk1-mediated phosphorylation contributes to TNKS1 stability and PARP activity, leading to telomeric chromatin maintenance and spindle-pole assembly.
Several recent studies have shown that TNKS1 expression is upregulated in many human cancers such as breast and colorectal cancer, and non-Hodgkin's lymphomas. 33, 34 These findings suggesting that there could be an association between aberrant regulation of TNKS1 expression and human cancers. Importantly, a number of studies have also reported that Plk1 is highly upregulated in a wide range of human cancers and is often associated with poor prognosis.
2 In addition, TNKS1 shows almost identical sub-cellular localization to that of Plk1 during mitosis. TNKS1 colocalizes with Plk1 at the spindle poles and centrosomes from prophase to metaphase, and at the mid-body during telophase. Together, these findings strongly support our proposed mechanism that the physiologic activity of TNKS1 is associated with a Plk1-dependent signaling pathway. Indeed, our results showed that the Plk1-mediated phosphorylation of TNKS1 is associated with its stability and PARsylation activity, whereas these are dramatically decreased by targeted inhibition of Plk1. Therefore, it may be possible that aberrant Plk1 expression directly influences the PARP activity of TNKS1 and the PARsylation of its protein-binding partner. Our data partially support the notion that aberrant expression of Plk1 is highly associated with dysregulated TNKS1 expression in human cancer cells (Supplementary Figure S5) .
A recent approach to identifying Plk1-interacting proteins by using a yeast two-hybrid system demonstrated that Plk1 is associated with TRF1, and that Plk1-mediated phosphorylation of TRF1 is important for TRF1 binding to telomeres. 24 These observations indicate that Plk1 may to have a bona fide role in telomeric protein phosphorylation and regulation. Our in vitro binding assay showed that the ANK repeat of TNKS1 may be responsible for interaction with Plk1, raising the possibility that Plk1 might compete with TRF1 for binding to the ANK repeat. However, interaction of TNKS1 with TRF1 was independent of TNKS1 Plk1-mediated phosphorylation (Supplementary Figure S6) . Moreover, a previous report indicated that phosphorylation of TRF1 by Plk1 increases the telomeric DNA binding of TRF1. 24 This seems to contradict the physiologic role of Plk1-mediated TNKS1 phosphorylation in terms of regulating telomere length. Further studies will be required to better understand the physiologic mechanisms underlying the Plk1-mediated phosphorylation of TRF1 and TNKS1. In particular, it is important to understand whether TRF1 and TNKS1 phosphorylation events are interrelated or independent. However, based on the data shown in Supplementary Figure S6 , we can exclude the possibility that the phosphorylation of TNKS1 by Plk1 does not prevent interaction with TRF1 or vice versa. In summary, our study suggests that Plk1 regulates TNKS1 activity and stability, thereby contributing to the formation of telomeric complexes and mitotic cell-cycle progression. Thus, Plk1-TNKS1 signaling may be important for regulating mitotic progression and telomere length, and could be an attractive target for anticancer therapy.
Materials and Methods
Plasmid construction and antibodies. The full-length cDNA sequence of the human Plk1 gene has been published previously. 35 cDNA fragments of the Plk1 gene were PCR-amplified and inserted into the pCMV-HA vector to generate pCMV-HA-Plk1 WT. A Plk1 kinase-dead mutant, K82R, was generated by sitedirected mutagenesis using pCMV-HA-Plk1 WT as the template. An HA-tagged Plk1 construct was sub-cloned into a pIRESpuro3 vector using pcDNA3-HA-Plk1 to create stable cell lines. His-tagged Plk1 fusion constructs were cloned into a pFastBac vector (Invitrogen, Carlsbad, CA, USA), and used to generate a recombinant baculovirus in Sf9 insect cells by using the Bacto-Bac baculovirus system (Invitrogen). GST fusion constructs for expression in Escherichia coli were generated by in-frame insertion of PCR fragments encoding Plk1 amino-acid residues 1-603, 1-308, and 309-603 into a pGEX-KG vector (Amersham Pharmacia, GE Healthcare, Little Chalfont, UK).
The full-length cDNA sequence of the human Tankyrase-1 gene has been described previously. 12 cDNA fragments of the Tankyrase-1 gene were PCRamplified and inserted into the pGEX-KG vector to generate pGEX-KG-TNKS1 amino-acid residues 1-158, 158-595, 596-1022, 1023-1327. pGEX-6T-TRF1 has been described previously. 24, 36 TNKS1 mutants were produced by site-directed mutagenesis. GST-tagged or GFP-tagged human TNKS1-5A (T643A, T785A, T839A, T930A, T938A, S978/T982A, and T1128A) constructs were sub-cloned into pGEX-KG or peGFP-C1 (Clontech, Mountain View, CA, USA) vectors. All TNKS1 mutations were verified by sequencing. WT GFP TNKS1 (WT) and the PARP-dead (PD) mutant were a gift from Dr. Paul Chang. 22 All GFP-tagged TNKS1 (WT, PD, and 5A) constructs contained exogenous nuclear localization sequences (NLS). The small interfering RNA (siRNA) expression plasmid was created by inserting oligonucleotides encoding shRNA against human TNKS1 (shTNKS1: 5 0 -aa caattcaccgtcgtcctct-3 0 ; 3 0 -UTR shTNKS1: 5 0 -ccagatcagatttcaacct-3 0 ), human Plk1 (shPlk1#1: 5 0 -ggtccattgggtgtatcatgt-3 0 ; shPlk1#2 (3 0 -UTR shPlk1): 5 0 -gtgtgggttctac agcctt-3 0 ), human Aurora-A (5 0 -acaagccggttcagaatca-3 0 ), or luciferase (5 0 -cgt acgcggaatacttcga-3 0 ) as a control, and synthesized (Genomine, Pohang, South Korea) into the pSuper-puro vector containing an H1 promoter and T5 terminal sequences (Oligoengine, Seattle, WA, USA). TRF1 depletion was performed by using 10 nM of an siRNA duplex (5 0 -ggaacaugacaaacuucauga-3 0 /5 0 -ucaugaaguuugucauguucc-3 0 ) specific for nucleotides 489-509 of the coding region relative to the first nucleotide of the start codon as described previously. 24 Telomeric PNA FISH on metaphase chromosome spreading. H1299 cells were treated with the Plk1 inhibitors, BI2536 (60 nM), and PPG (50 mM), and then cultured in the presence of nocodazole (660 nM/ml) for 12 h. HeLa cells were co-transfected with shRNA specifically targeting the TNKS1 3 0 -UTR and expression plasmids encoding shRNA-insensitive, WT GFP-TNKS1 or GFP-TNKS1-5A mutant. After washing and swelling in a hypotonic (0.075 M KCl) solution for 10 min at 37 1C, the cells were fixed and stored in a 3 : 1 (v/v) methanol/acetic acid solution. The cells were fixed to slides by spinning small volumes (10-100 ml) of cells in 2 ml of 50% acetic acid. The slides were dried overnight in air and immersed in PBS for 5 min prior to fixation in 4% formaldehyde in PBS for 2 min. The slides were then washed in PBS (three times Â 5 min) and treated with pepsin (Sigma) at 1 mg/ml for 10 min at 3 1C in 10 mM glycine (pH 2.0). After a brief rinse in PBS, formaldehyde fixation and washes were repeated. The slides were then dehydrated in ethanol (70, 95, and 100%) and air dried. A 10-ml
